Exposure of tumor cells to clinically relevant doses of ionizing radiation causes DNA damage as well as mitochondria-dependent generation of reactive oxygen species. DNA damage causes activation of ataxia telangiectasia mutated and ataxia telangiectasia mutated and Rad3-related protein, which induce cell cycle checkpoints and also modulate the activation of prosurvival and proapoptotic signaling pathways, such as extracellular signal-regulated kinase 1/2 (ERK1/2) and c-Jun NH 2
Introduction
Ionizing radiation is used as a primary treatment for many types of cancer. Although it has been appreciated for many years that radiation causes cell death, this therapeutic modality also has potential to enhance proliferation in the surviving fraction of cells and to promote the long-term resistance to multiple cytotoxic stresses (1, 2) . Exposure of carcinoma cells to clinically relevant low doses of ionizing radiation causes DNA damage and the generation of reactive oxygen species (ROS), with subsequent rapid activation of wild-type p53, ataxia telangiectasia mutated (ATM), and ATM and Rad3-related protein as well as the activation of growth factor receptors in the plasma membrane [e.g., the ERBB family of receptors (3 -6) ]. Receptor activation within several minutes of exposure enhances the activities of RAS family transducer molecules that mediate signaling from the membrane environment to cause activation of multiple cytosolic signal transduction pathways, such as the RAF-1-mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK)1/2-ERK1/2-p90 rsk and phosphatidylinositol 3-kinase (PI3K)-phosphoinositide-dependent kinase-1-AKT-glycogen synthase kinase 3 pathways, which play a role in the long-term effects of cell survival from toxic stresses and the regulation of cell growth ( Fig. 1 ; refs. 7 -10) . This minireview will attempt to connect some of the complex interplay between the primary effects of radiation exposure (DNA damage and ROS generation) to the rapid initial responses of cells due to DNA damage and ROS generation, particularly activation of signal transduction pathways and regulation of survival. In turn, the review will discuss the delayed secondary responses of irradiated tumor cells, as the effect of the initial wave of signaling pathway activation and transcriptional changes ripples outward to further modify cell biology, including the proteolytic processing and/or synthesis of paracrine growth factors, reactivation of receptors and pathways and transcription, and the possible long-term outcomes of these processes on cell signaling, cell survival, and proliferation.
Signal Transduction Pathway Structure
A brief overview of signal transduction pathway structure is provided to assist with understanding some of the concepts in this article. ''MAP-2 kinase'' was first reported by the Sturgill laboratory in 1986 (11) . Parallel studies identified an additional 44-kDa isoform of this enzyme, termed ERK1 (12) . Because many growth factors could activate these enzymes, the acronym for this enzyme was changed to denote MAPK. The p42 (ERK2) and p44 (ERK1) MAPKs are activated by dual tyrosine and threonine phosphorylation; they activate another protein kinase (p90 rsk ) by catalyzing its serine/threonine phosphorylation Radiation Signaling ( Fig. 1 ; refs. 13, 14) . ERK1/2 are phosphorylated and activated by MAPK kinases termed MEK1/2 (15) . MEK1 and MEK2 are dual specificity tyrosine/threonine kinases and are activated by dual serine phosphorylation. The protein kinase responsible for catalyzing MEK1/2 activation was initially described as RAF-1 (e.g., ref. 16 ). RAF-1 is a member of a family of serine-threonine protein kinases termed RAF-1, B-RAF, and A-RAF; all ''RAF'' family members phosphorylate and activate MEK1/2 (17) . Thus, the RAF kinases act at the level of a MAPK kinase kinase. Different growth factors, in a cell type -dependent manner, use RAF-1 and/or B-RAF to activate the ERK1/2 pathway (18) . Recently, studies have examined the roles of activating B-RAF mutations in tumorigenesis and the protection of tumor cells from toxic stresses (19 -21) . Activating mutations within the B-RAF kinase domain are noted in several malignancies and are more common than RAF-1 mutations (22) . Ionizing radiation activates RAF-1 but not B-RAF (19) . The NH 2 domain of RAF-1 reversibly interacts with RAS proteins in the plasma membrane, and the ability of RAF-1 to associate with RAS proteins is dependent on the RAS molecule being in the GTP-bound state (e.g., refs. 23 -26) . Growth factor receptors, such as ERBB1, stimulate GTP for GDP exchange in RAS (27, 28) . RAF-1 activation is dependent on RAF-1 translocation to the plasma membrane followed by phosphorylation of RAF-1 S338, phosphorylation of RAF-1 Y341, and dephosphorylation of RAF-1 S259 (29 -34) . RAF-1 and B-RAF have also been proposed to dimerize during activation, with assistance from 14-3-3 proteins, in an analogous manner to receptor tyrosine kinases, which promote RAF protein activation (35) . Thus, a signaling pathway can be delineated from receptor tyrosine kinases through the activation of RAS proteins, translocation of RAF proteins to the plasma membrane, and the feeding of signals into MEK1/2-ERK1/2-p90 rsk . Additional comparative cloning studies showed that the original ''MAPK'' pathway was in fact one of many MAPK pathways. Thus, the ERK1/2-MAPK pathway has served as a template around which other MAPK family pathways have been described: the c-Jun NH 2 -terminal kinase (JNK) 1/2/3, the p38 MAPK, and the ''big MAPK'' MEK5-ERK5 pathways ( Fig. 1; refs. 36 -38) . In each pathway, a MAPK, a MAPK kinase, and a MAPK kinase kinase have been shown to exist and behave phenomenologically in a similar manner to proteins described in the original ERK1/2 cascade. From the standpoint of cell signaling, it should be noted that, in a similar conceptual manner, the PI3K signaling pathways, PI3K-phosphoinositide-dependent kinase-1-AKT-glycogen synthase kinase 3 and PI3K-phosphoinositide-dependent kinase-1-mammalian target of rapamycin-p70 S6K , have been delineated (38 -42) . The activities of multiple MAPK pathways and of the PI3K pathway are variably elevated and/or suppressed in a variety of transformed cells, and studies have linked enhanced basal levels of ERK1/2, AKT, and ERK5 pathway activity to increased rates of proliferation and protection of cells from toxic stresses (43) . Similarly, reduced basal activity levels or abilities to activate the JNK1/2 and p38 MAPK pathways correlate with enhanced tumor cell viability. In this regard, exposure of cells to ionizing radiation promotes activation of RAS family proteins and downstream the ERK1/2, PI3K-AKT, and JNK1/2 pathways. Conceptually, the activation of protective AKT/ ERK1/2 pathways counteracts toxic signaling from the JNK1/2 pathway (Fig. 1) .
Pathways for Ionizing Radiation^Induced Signal Transduction Processes
There are at least two schools of thought as to how radiation exposure activates plasma membrane receptors and intracellular signaling pathways. First, radiation causes DNA damage, which activates ATM/ATM and Rad3-related protein that in turn promote activation of receptors/intracellular signaling pathways as well as stimulating cell cycle checkpoints, p53 activity, and DNA repair complex function. Second, radiation generates ionizing events in water in the cytosol that are amplified, thought to be mediated by mitochondria, which generate large amounts of ROS and reactive nitrogen species (RNS) that inhibit protein tyrosine phosphatase (PTPase) activities. In addition, radiation activates acidic sphingomyelinase and increases the production of ceramide. Inhibition of PTPases leads to a general derepression (activation) of receptor and nonreceptor tyrosine kinases and the activation of downstream signal transduction pathways. Radiation-induced ceramide has been shown to promote membrane-associated receptor activation by facilitating the clustering of receptors within lipid rafts (44) .
Growth Factor Receptors and Intracellular Signaling Pathways
Activation of Growth Factor Receptors by Radiation. Multiple laboratories have shown that the epidermal growth factor receptor (also called ERBB1 and HER1) is rapidly activated in response to the irradiation of multiple tumor cell types in vitro (e.g., refs. 19, 45 -49) . Low-dose clinically relevant radiation exposure (1 -2 Gy) activates ERBB1 and, by heterodimerization, other members of the ERBB receptor family (ERBB2, ERBB3, and ERBB4). Activation of ERBB1, ERBB2, and ERBB3 has been linked to downstream activation of intracellular signaling pathways, including the RAF-1-MEK1/2-ERK1/2 and the PI3K-phosphoinositide-dependent kinase-1-AKT pathways. Studies in the late 1990s argued that a 2 Gy radiation exposure caused similar levels of ERBB1 and ERK1/2 pathway activation to those observed by growth-stimulatory, epidermal growth factor concentrations (f0.1 nmol/L) 0 to 30 min after exposure (50 -52) . An obvious scientific question was then asked (i.e., how did ionizing radiation promote such a rapid activation of ERBB1?). It was known that the activity of tyrosine kinases and proteins regulated by tyrosine phosphorylation (e.g., ERBB1 and RAF-1) is held in check by the actions of PTPases (53) . The relative activity of a PTPase is approximately one order of magnitude higher than that of the substrate (i.e., kinase) it dephosphorylates (54). PTPase activity is sensitive to oxidation and/or nitrosylation of a key cysteine residue in the active site, and thus, any agent that generates ROS or RNS has potential to promote decreased PTPase activity and, hence, increased tyrosine phosphorylation of multiple proteins (55) . Ionizing radiation induces small amounts of ROS by direct interaction with water; these ROSs are magnified in a Ca 2+ -dependent manner by mitochondria, generating more ROS and RNS, which can act to inhibit multiple PTPase activities. Inhibition of radiation-induced ROS and RNS generation, by use of ROS quenching agents, such as N-acetyl cysteine, or in cells lacking functional mitochondria (Rho zero cells), abrogates the suppression of PTPase activity by radiation ( Fig. 2; refs. 56, 57) . In general agreement with a role for PTPase inhibition in radiation-induced ERBB1 activation, expression of dominant-negative SHP2 abolishes radiationinduced phosphorylation of ERBB1; phosphorylation of ERBB1 Y992 in MDA-MB-231 mammary carcinoma cells was noted to be the most radioresponsive site in terms of fold induction following irradiation (56 -59) . ERBB1 Y992 phosphorylation has been linked to activation of phospholipase Cg and the ERK1/2 pathway (60). In further support of a role for the modulation of PTPase activity and changes in tyrosine phosphorylation playing an important role in radiation responses downstream of growth factor receptors is that RAF-1, a protein whose activity is enhanced by tyrosine phosphorylation, becomes tyrosine phosphorylated and activated following radiation exposure. Of note, B-RAF, which lacks the sites of tyrosine phosphorylation in RAF-1 due to their substitution by acidic amino acid residues in B-RAF, is not potently activated following irradiation (19, 34, 48, 61) . Thus, ionizing radiation has the potential to promote the tyrosine phosphorylation and activation of intracellular pathways via PTPase inhibition at the level of the receptor (ERBB family), a membrane proximal kinase (RAF-1), and, possibly, though not proven as yet, also at the level of the tyrosine phosphorylated MAPK proteins. It has been argued that ROS can inhibit MAPK phosphatase enzymes, which normally act to dephosphorylate the activating phosphotyrosine and threonine residues in MAPK proteins, and thus, loss of MAPK phosphatase function will tend to enhance the phosphorylation and activity of MAPK family enzymes (62) .
Other agents of physiologic relevance can also generate ROS and RNS and thereby promote activation of growth factor receptors via PTPase inhibition. For example, bile acids through ROS-dependent mechanisms can activate both ERBB1 and the insulin receptor in primary hepatocytes (63 -65) . Both mitochondria and NADPH oxidase enzymes have been linked to bile acid -induced ROS production (64 -66) . Activation of ERBB1 and the insulin receptor in hepatocytes can promote ERK1/2 and AKT activation and regulate cell survival as well as other processes, such as glycogen metabolism (67) . Arsenic trioxide and hydrogen peroxide can generate ROS in cells and have also been noted to cause activation of growth factor receptors (68, 69) . Collectively, these observations show that a wide variety of external stimuli can promote ROS generation in cells, leading to the initiation/activation of intracellular signaling pathways (Fig. 2) .
After observations showing the initial radiation-induced activation of the ERBB receptors approximately 0 to 10 min after exposure, it became evident that the ERBB receptors also were reactivated approximately 60 to 180+ min after Figure 2 . Proposed mode of signaling transduction pathway regulation following initial exposure to ionizing radiation: inside to outside signaling.
Radiation Signaling
irradiation. The primary mode of receptor activation at these later times occurred via a paracrine/autocrine mechanism (Figs. 2 and 3; refs. 70, 71) . The initial activation of ERBB1 and the ERK1/2 pathway was directly responsible for the cleavage, release, and functional activation of presynthesized paracrine ligands, such as pro-transforming growth factor a (TGFa), which fed back onto the irradiated tumor cell and potentially in vivo onto unirradiated distant tumor cells, thereby reenergizing the signaling system (72) . Several studies have independently argued that ERK1/2 and/or p38 MAPK signaling can enhance plasma membrane metalloproteinase activities, which promote cleavage of the proforms/zymogens of multiple growth factor ligands into their functionally activated states (73) : this has led to the clinical development of protease inhibitors, such as marimastat (74) . Growth factors, such as insulinlike growth factor-I, can promote activation of ERBB1 via increasing the expression of ERBB1 paracrine ligands as well as promoting MAPK-dependent proteolytic processing of these ligands [e.g., heparin-binding epidermal growth factor (75)]. In irradiated HCT116 cells, the ERBB3/4 binding ligand heregulin, which in this cell type primarily interacts with ERBB3, can promote ERBB1, ERBB2, and AKT activation in a paracrine fashion 120 to 240 min after radiation exposure (76) . Increasing the radiation dose from 2 Gy up to 10 Gy enhances both the amplitude and duration of the secondary activation of ERBB1 and the secondary activation of the intracellular signaling pathways, suggestive that radiation can promote a dose-dependent increase in the cleavage of pro-TGFa that reaches a plateau at f10 Gy (70, 72) . In contrast to the secondary receptor and pathway activations, primary receptor and signaling pathway activations seemed to have come to a plateau at 3 to 5 Gy.
The expression of paracrine factors in tumor cells can change in the short term (hours) and in the long term (weeks) after irradiation, as potentially can the expression of the growth factor receptors that bind the factors. For example, in the instances of RAS-ERK1/2 signaling and p53 transcriptional function, the activities of which can be increased shortly following radiation exposure, in a variety of cells, these proteins act to enhance the expression of autocrine factors, such as heparin-binding epidermal growth factor and epiregulin (77) . However, loss of p53 (34, 78, 79) . In MCF7 mammary carcinoma cells, exposed to multiple low doses of radiation, the expression of ERBB1 and TGFa was noted to rise and the expression of the estrogen receptor was noted to decline (80) . These findings argue that the activation of ERBB family receptors and downstream pathways by radiation has the potential to be influenced in both the short and long term by the amount of prior radiation exposure a cell has received and the mutational status of p53 and RAS proteins. Collectively, these observations argue that radiation generates ROS/RNS signals within tumor cells that promote activation of growth factor receptors and signaling pathways that in turn promote the release of paracrine ligands from cells, leading to the reactivation of receptors and intracellular signaling pathways: ''inside-out'' followed by ''outside-in'' signaling.
Approaches to Radiosensitize Cells by Inhibition of Kinase Function. Signaling by ERBB family of receptors is, in general, believed to be pro-proliferative and cytoprotective, and inhibition of ERBB receptor function has been explored as a mode of cancer therapy (Table 1) . Thus, when signaling from ERBB family receptors is blocked, either by use of inhibitory antibodies or small molecular weight inhibitors of receptor tyrosine kinases, tumor cell growth can be reduced and the sensitivity of these cells to being killed by noxious stresses increased (reviewed in refs. 81 -83) . In vitro and xenograft tumor animal model studies have strongly argued that inhibition of ERBB receptor function using single drug/antibody dosing has radiosensitizing effects (84 -86) . In some animal studies, however, ERBB receptor inhibitors have not radiosensitized ERBB1-expressing tumors (e.g., ref. 87). Furthermore, as a collective group, clinical trials in which modulation of ERBB receptor function was a primary goal for improved therapeutic outcomes have been considerably less successful in terms of tumor control than predicted based on in vitro studies (e.g., refs. 88, 89).
Several possible explanations could exist why a drug effect observed in vitro or in animals did not translate into as profound an antitumor effect in patients: (a) the required inhibitory concentration of the drug and the drug half-life are not achievable and are too short for a therapeutic effect, respectively, in patients; (b) the relative dependency (addiction) (90 -92) ; (d) the ERBB inhibitors that are often used in therapy only inhibit one ERBB family member, such as ERBB1, and in a similar conceptual manner to point (c), other ERBB family members, such as ERBB2, may provide compensatory survival signaling to overcome loss of survival signaling from the inhibited receptor; and (e) the development of other somatic mutations in survival signaling with the tumor cell, such as loss of PTEN function, which may be selected for in tumor cells undergoing ERBB receptor inhibitor therapy, will lead to the development of tumor cells that are more resistant in general to inhibitors of growth factor receptors.
The role of RAS signaling in terms of regulating radiosensitivity directly downstream of plasma membrane receptor tyrosine kinases has also been investigated by many groups, with comparative data using cells from diverse genetic backgrounds arguing that mutated active H-RAS, K-RAS, and N-RAS proteins protect cells from the toxic effects of ionizing radiation by activating the PI3K pathway (93 -99) . In HCT116 colon cancer cells, expressing activated K-RAS D13, radiosensitivity was linked to signaling by the ERK1/2 pathway (100). Studies by others have also shown that HCT116 cells expressing active K-RAS use the ERK1/2 pathway as a primary signal to protect themselves from the toxic effect of radiation, and in these experiments, isogenic HCT116 cells expressing active H-RAS V12 (with expression of active K-RAS D13 deleted) were noted to use the PI3K pathway as a primary signal to protect themselves from radiation toxicity (101, 102) . This suggests that different RAS family members, H-RAS and K-RAS, have the potential to generate qualitatively different radioprotective signals via activating different downstream signal transduction pathways. As stated above, data from several groups have shown that a key radioprotective pathway downstream of receptors and RAS proteins is the PI3K pathway ( Table 1) . Inhibition of PI3K pathway function by use of smallmolecule inhibitors radiosensitizes tumor cells expressing mutant active RAS molecules or wild-type RAS molecules that are constitutively active due to upstream growth factor receptor signaling (93 -99) . It is possible that PI3K inhibitors may also exert a portion of their radiosensitizing properties by suppressing the function of proteins with PI3K-like kinase domains, such as ATM, ATM and Rad3-related protein, and DNA-dependent protein kinase (DNA-PK). Expression of constitutively active p110 PI3K molecule is able to partially recapitulate the expression of mutant (active) H-RAS proteins in protecting cells from radiation toxicity. In cell lines where PI3K regulates radiosensitivity, inhibition of the ERK1/2 pathway did not significantly alter the radiosensitivity of cells, in agreement with data in HCT116 cells. ERK1/2 signaling has often been stated to play no role in controlling radiosensitivity; in some cell lines, inhibition of ERK1/2 has been linked to protection from radiation toxicity (103, 104) .
In those cells where radiosensitizing effects have been observed by blocking ERK1/2 activation, the abilities of MEK1/2 inhibitors to enhance cell killing by radiation was originally linked to a derangement of radiation-induced G 2 -M growth arrest and enhanced apoptosis (105, 106) . In DU145 human prostate cancer cells that express ERBB1 and the ligand TGFa, ionizing radiation increases the release of TGFa via ERBB1-ERK1/2 signaling. If radiation-induced ERBB1-ERK1/2 signaling is transiently blocked in DU145 cells by either the ERBB1 inhibitor AG1478 or a MEK1/2 inhibitor before and for 3 h after irradiation, then radiationinduced cell killing is decreased (Table 1) . Moreover, if ERBB1 is strongly activated by epidermal growth factor or TGFa immediately after irradiation, then cell killing is increased. Thus, transient inhibition of radiation-induced ERK1/2 signaling, or suprastimulation of ERK1/2 signaling at the time of irradiation, radiosensitizes tumor cells. Removal of MEK1/2 inhibitor from the growth medium 24 and 48 h after irradiation results in a null effect on DU145 cell radiosensitivity, although inhibition of MEK1/2 modestly enhanced radiation-induced apoptosis at these time points. Data in general agreement with this concept were also obtained in LNCaP, PC3, and A431 squamous carcinoma cells (107) . On the other hand, following irradiation, prolonged inhibition of ERK1/2 (more than approximately 60 -72 h) significantly increases the apoptotic response of DU145 and A431 cells and reduces clonogenic survival. Therefore, the interruption of ERBB1 and ERK1/2 signaling can enhance or degrade carcinoma cell survival after irradiation depending on its timing and duration (reviewed in refs. 34, 72 and references therein).
Downstream Targets of Radiation-Induced Kinase Function. Growth factor -induced signaling from ERBB receptors through the PI3K-AKT and RAF-1-ERK1/2 pathways can increase expression of multiple antiapoptotic proteins, including BCL-XL , MCL-1, and c-FLIP isoforms, as well as the phosphorylation and inactivation of proapoptotic proteins, including BAD, BIM, and procaspase-9 (108 -113). Radiation-induced ERK1/2 activation has also been linked to increased expression of the DNA repair proteins ERCC1, XRCC1, and XPC (reviewed in refs. 71, 72 and references therein). In contrast, radiation-induced activation of the JNK1/2 pathway has been linked to activation of proapoptotic protein function, including those of BAX and BAK, and the promotion of mitochondrial dysfunction (114, 115) . Thus, as a general concept, activation of AKT and ERK1/2 will tend to suppress cell death processes, including those stimulated by activation of JNK1/2.
A downstream protein kinase effector of the ERK1/2 enzymes, p90 rsk , phosphorylates the transcription factors cyclic AMP -responsive element binding protein and CAAT/enhancer binding protein h, which can activate the promoters of several antiapoptotic proteins (e.g., refs. 116, 117) , and recent studies have shown that radiation, via the ERK1/2 pathway, can enhance the DNA binding of cyclic AMP -responsive element binding protein, which plays a causal role in radioresistance (117) . Transcriptional regulation of the ERCC1, XRCC1, and XPC DNA repair genes after irradiation seems to be via activator protein-1 and Sp1 sites (72) . ERK1/2 signaling has also been linked to enhanced expression of MDM2, which can suppress the expression of p53 and thus diminish the proapoptotic signaling effects of wild-type p53, as has been argued in HCT116 cells (102) . In contrast to potential radioprotective transcription factors downstream of ERK1/2, EGR-1 is an ERK1/2-dependent transcription factor that has been associated with enhanced cell killing following radiation exposure (118) . The radiosensitizing effects of EGR-1 have been linked to increased tumor necrosis factor a and PTEN expression, whereas the radioprotective effects of EGR-1 have been linked to TGFh and enhanced growth arrest in late G 1 phase of the cell cycle (119, 120) . Thus, collectively, ERK1/2 may act to promote survival via increased activity of some transcription factors (cyclic AMP -responsive element binding protein and CAAT/enhancer binding protein h) and decreased activity of others (p53) and may act in a cell type -dependent fashion to promote either survival or cell death through the activation of others (EGR-1 and activator protein-1).
DNA Damage and Activation of ATM, ATM and Rad3-Related Protein, and p53
Inside-Out Signaling in Response to Radiation and DNA Double-Strand Breaks. The basic mechanisms of how DNA damage in the form of double-strand breaks . DNA damage surveillance proteins of the PI3K-like kinase family, including ATM, ATM and Rad3-related protein, and DNA-PK catalytic subunit (DNA-PKcs), as well as other key proteins sense the damage and signal through transducers and effectors that trigger G 1 -S, intra-S, and G 2 -M checkpoints. The actions of p53-p21 signaling also play a role in checkpoint control (15, 102) . Triggering of the checkpoints permits the cell to assess the damage and repair the DNA before replication and mitosis. However, how the signal generated from DNA damage in the nucleus is transmitted to the cytoplasm to modulate cell growth and apoptosis/death is not clear. It is expected that the cell can repair minor to moderate DNA damage, recover, and reenter the cell cycle. Major damage would likely result in cell death and apoptosis depending on cell type and mutational status of p53 (102, 121) . Thus, the net effect of multiple signaling pathways emanating in the nucleus and elsewhere in the cell would need to be coordinated to result in either increased DNA repair and survival or, alternatively, cell death/apoptosis. Indeed, such balance has been proposed to occur in response to DNA damage (see ref. 122 for review).
The four major MAPK signaling pathways in mammalian cells, ERK1/2, ERK5, JNK1/2, and p38, have been linked to prosurvival (ERK1/2 and ERK5) and apoptosis (JNK1/2 and p38), respectively (123) . Several studies have shown that these pathways are modulated in response to radiation and other types of DNA damage, resulting in proliferative or apoptotic signaling depending on dose and cell line. For example, radiation activates ERBB1 and other members of the ERBB family through ligand-independent and liganddependent pathways at low and clinically relevant doses resulting in prosurvival signaling (52, 70, 124) . Recently, an association between ERBB1 and DNA-PKcs was uncovered, which might link DNA damage and repair to the ERBB1-RAS-MEK1/2-ERK1/2 signaling pathway (125 -127) . DNA-PKcs is critical for nonhomologous end joining (128) . In support of this notion, split-dose radiation survival experiments have revealed that expression of a truncated dominant-negative ERBB1 protein, ERBB1-CD533, reduces DNA repair, suggesting a direct role for ERBB receptor signaling in repair processes [ref. 129 ; in general agreement with data linking ERBB1-ERK1/2 signaling to the regulation of repair protein expression (72)]. Similarly, other studies have found an association between ATM and ERBB1 (130), insulin-like growth factor-I receptor (131, 132) , and platelet-derived growth factor receptor (133) . It has been known for some time that ATM can modulate signaling through the JNK1/2 pathway. ATM knockout mice show elevated MKK4-JNK1/2-c-Jun activation as shown by increased activator protein-1 transcription factor activity and cellular stress, suggesting that ATM regulates the JNK1/2 signaling pathway in a negative fashion (134) . Recently, ATM was linked directly to ERK1/2 signaling, which was shown to be necessary in fibroblasts for triggering apoptosis in a p53-independent manner (135) . We recently showed that ATM and MEK1/2-ERK1/2 signaling form a regulatory feedback loop that regulates homologous recombination repair. 6 Using the MEK1/ 2-specific inhibitor PD184352, we noted that not only was homologous recombination repair reduced more than f80% but that autophosphorylation of ATM at S1981 was completely abrogated in response to radiation, suggesting that MEK1/2-ERK1/2 signaling is closely linked to the activation of ATM and the regulation of homologous recombination repair (Table 1 ). Phosphorylation at S1981 is evidence for ATM activation (136) . Furthermore, inhibiting the ATM kinase with KU-55933 reduced radiationinduced ERK1/2 phosphorylation by >70% (137) . This suggests that ATM positively regulates signaling through ERK1/2, and MEK1/2-ERK1/2 positively affects ATM activation. This finding argues, for the first time, a close association between growth control through ERK1/2 signaling and DNA damage surveillance via ATM that modulates homologous recombination repair. The underlying mechanism(s) for this feedback control is not known but it is possible that ATM signals via a growth factor receptor, as other reports have indicated, or through a novel yet to be discovered signaling mechanism (130 -133) .
In another recent study supporting the link between ERK1/2 and ATM signaling, it has been shown that DSB signaling affects the ERK1/2 pathway differently depending on the extent of DNA damage.
7 DNA DSBs were induced by bromodeoxyuridine/Hoechst 33258/UV-A treatment to generate DSB-specific signaling in favor over extranuclear signaling (138) . Interestingly, at doses generating few DSBs (<2 Gy equivalents), a clear increase in ERK1/2 phosphorylation was noted, whereas at higher doses dephosphorylation of ERK1/2 occurred. The increase in ERK1/2 phosphorylation was found to be ATM dependent, whereas dephosphorylation was ATM independent. 7 The protein phosphatase responsible for dephosphorylating ERK1/2 after high doses of DSBs has not yet been identified; this may represent a ROSindependent control mechanism for PTPase activities. This result suggests that pure DNA damage -induced signaling through the ERK1/2 pathway is bimodal and dependent on the extent of DNA damage. Low damage levels activate ERK1/2 signaling, whereas high levels inactivate. Thus, several lines of evidence link ATM with MEK1/2-ERK1/2 signaling and vice versa, suggesting that ATM, in its role of monitoring cellular homeostasis (139) , modulates prosurvival ERK1/2 signaling in tumor cells. Collectively, these findings show the potential for inside (nuclear) to outside (cytoplasmic) signaling, which, based on paracrine signaling effects, could then lead to temporally delayed outside (paracrine) to inside (cytoplasmic) signaling events. What is not fully understood at this time is how DSB signaling and ATM intersect with extranuclear (plasma membrane and cytoplasmic) signaling. Radiation is known to directly inactivate PTPases, resulting in increased protein kinase signaling through the pathway in which the phosphatase acts (140) . Several serine/threonine protein phosphatases with close ties to ATM and DNA-PKcs have also been implicated in the radiation response (141) . The serine/threonine protein phosphatase 5 is a negative regulator of ATM that plays an important role in apoptosis and c-Abl regulation and is critical for ATM activation and the intra-S phase checkpoint (142) . Similarly, protein phosphatase 5 modulates DNA-PKcs activity and radiosensitivity (143) . Protein phosphatase 5 is a negative regulator of ASK1, a MAPK kinase kinase that is upstream in the JNK1/2 and p38 signaling pathways ( Fig. 1; ref. 144 ). Protein phosphatase 5 could thus be the link between ATM and JNK1/2 signaling. Protein phosphatase 2A (PP2A) also regulates ATM activation (145) . PP2A was found to interact with ATM through one of its scaffolding subunits and negatively regulate ATM. In addition, PP2A is known to regulate RAF-1-MEK1/2-ERK1/2 signaling through both positive and negative mechanisms. Critical phosphoserine residues on RAF-1, which are dephosphorylated by PP2A, reduce RAF-1 catalytic activity and lower the ability of RAF-1 to associate with RAS, which keeps signaling through MEK1/2-ERK1/2 low (146). ERK1/2 phosphorylates these same serines through a negative feedback mechanism (146) . Earlier studies showed that PP2A dephosphorylates ERK2 on T183 (15, 16) , suggesting that PP2A regulates RAF-1-MEK1/2-ERK1/2 positively and negatively through a feedback loop.
Another protein phosphatase that has been associated with ERBB1-RAF-1-MEK1/2-ERK1/2 signaling is the cell cycle regulator and dual specificity phosphatase CDC25A (147, 148) . Similar to PP2A, CDC25A is linked to ATM through the signaling cascade ATM-CHK2-CDC25A (128) . Phosphorylation of CDC25A decreases protein stability, thereby increasing the de facto phosphorylation of CDC25A target proteins. Thus, reduced CDC25A expression could invoke positive control over RAF-1 signaling, promoting RAF-1 phosphorylation on tyrosine or serine/ threonine residues that would enhance downstream ERK1/ 2 signaling. Altogether, these examples suggest that DSBs generated in the nucleus and linked to growth signaling pathways in the cytoplasm by ubiquitously targeting phosphatases acting on the RAF-1-MEK1/2-ERK1/2 cascade are plausible mechanisms of inside-out signaling. The task at hand is to show which phosphatases are critical in the inside-out signaling of specific pathways.
ATM is also closely associated with nuclear factor-nB (NF-nB) signaling and balancing prosurvival and apoptotic signaling in response to radiation and other chemotherapeutic agents inducing DSBs. In some cell systems, ATM has been shown to phosphorylate InB kinase in response to DSBs (149) , and ATM and DNA-PKcs activate a prosurvival ERK1/2-InB kinase-NF-nB pathway in response to DSBs that opposes the apoptotic response following DNA damage (150) . As noted previously, in response to ionizing radiation exposure, both proapoptotic and antiapoptotic signals are simultaneously induced, with the proapoptotic pathway mediated by p53 targets, such as BAX, and the antiapoptotic/prosurvival pathway by NF-nB targets, such as BCL-XL , which could constitute a mechanism of balancing between proapoptotic and antiapoptotic signals induced by ionizing radiation exposure (151) . Furthermore, NF-nB essential modulator, the regulatory subunit of InB kinase, has been shown to associate with ATM after the induction of DSBs (152) . ATM phosphorylates NF-nB essential modulator at S85, which promotes ubiquitindependent nuclear export of NF-nB essential modulator. In addition, ATM is also exported to the cytoplasm in a NF-nB essential modulator -dependent manner where it associates with and causes the activation of InB kinase. Therefore, NFnB essential modulator links two critical kinases, ATM and InB kinase, to the activation of NF-nB by DSBs. Altogether, the NF-nB inside-out signaling that balances prosurvival and apoptotic signaling has been clarified to a large extent. The full range of genes targeted by NF-nB important for cell survival and DNA repair is yet to be identified. In summary, much progress in our understanding how DSB signaling is transmitted and fed into various cytoplasmic signaling pathways has been made during the past few years but much remains to fully comprehend the intricacy of the cross-talk, regulation, and balancing between growth/survival, DNA repair, and apoptosis.
Conclusions
Ionizing radiation can activate multiple signaling pathways in cells and causes DNA damage. The ability of radiation to activate pathways depends on the generation of ROS and RNS, the presence of DNA damage, alterations in the expression of many growth factor receptors and their cognate binding paracrine factors, and changes in RAS mutational status. Thus, because a pathway is activated by radiation in one cell type does not mean that the same pathway will be activated in a different cell type. In some cell types, enhanced basal signaling by receptors, such as ERBB1, or by oncogenes, such as RAS proteins, may provide a direct overriding radioprotective signal. In many cell types, this may be via PI3K signaling into AKT or mammalian target of rapamycin-p70 S6K ; in others, potentially by NF-nB or ERK1/2. Radiation, however, causes the generation of ROS/RNS, which can stimulate the activities of pathways above the high basal levels caused by receptor overexpression or RAS mutation. Similarly, DNA damageinduced signaling events have been linked to the regulation of receptor expression and to activation of signaling pathways, such as NF-nB and ERK1/2, through ATM signaling. The activation of signaling pathways occurs in waves and is dependent on the dose of radiation exposure. Thus, tumor cells may incur DNA damage and ROS/RNS generation on initial exposure to radiation, which precipitates an inside (nucleus and cytoplasm) to plasma membrane (growth factor receptor) series of signals that lead to the activation of intracellular signal transduction pathways. Activation of intracellular pathways can promote increased levels of transcription of both proapoptotic and antiapoptotic proteins depending on the balance between the various signaling pathways that have become activated. In addition, however, activation of pathways, such as ERK1/2 and p38, can promote the cleavage/ release/activation of presynthesized paracrine ligands, which can feedback onto irradiated and distant unirradiated tumor cells, thereby reinitiating growth factor receptor signaling and reactivating intracellular signal transduction pathways and transcription (Figs. 2 and 3) . Thus, the signaling response of a low-dose irradiated tumor cell attempting to survive is in fact a very complicated series of cause-and-effect signals. Presumably, alterations in cell signaling function and transcriptional activity after this complicated signaling response will cause further ripple effects on the long-term biological behavior of tumor cells. With this in mind, it is noteworthy that repeated exposure of breast cancer cells can increase basal expression of survival signaling growth factor receptors.
Based on careful dissection of the complicated series of signaling changes within multiple pathways, it may in the future be possible to rationally combine multiple inhibitors of these processes to block cell survival, including inhibition of DNA damage sensing, receptor activation, paracrine ligand evolution, and intracellular signaling pathway, to achieve a better therapeutic response to radiotherapy.
